Little is known about the effect of PD-linked mutations on ␣-synuclein (␣-syn) phosphorylation. Results: The E46K mutation increases ␣-syn phosphorylation at Ser-129 and influences its subcellular localization in vivo. Conclusion: The E46K mutation alters ␣-syn localization and post-translational modifications. Significance: PD-linked ␣-syn mutations may contribute to PD via different mechanisms.
Parkinson disease (PD) 3 is a neurodegenerative movement disorder characterized by the loss of dopamine-producing neu-rons in the substantia nigra (1) . The main histopathological feature of PD is the formation of intracellular inclusions called Lewy bodies (LBs) that form as a result of the fibrillization of the presynaptic protein ␣-synuclein (␣-syn). Several point mutations in the gene coding for ␣-syn (SNCA) were identified and linked to the autosomal dominant inherited form of PD as follows: A53T (2-4), A30P (5) , E46K (6) , and recently H50Q (7, 8) , G51D (9) , and A53E (10) . Therefore, a better understanding of the mechanisms by which these mutations alter the physiological and pathogenic properties of ␣-syn could provide critical insights into the molecular basis underlying the pathogenesis of PD, and aid in the development of strategies to treat or prevent the disease.
␣-syn belongs to a class of natively unfolded proteins and adopts an ensemble of disordered conformations in solution (11, 12) . However, at neutral pH, long range transient intramolecular interactions between the C-and N-terminal regions of the protein have been observed by NMR (13) and can be stabilized by chemical cross-linking (14) . ␣-syn readily adopts an ␣-helical structure upon interaction with small unilamellar vesicles and micelles containing negatively charged lipids and detergents (15) , supporting its association with presynaptic vesicles in vivo, and consistent with its localization to axonal termini (16 -18) . The interactions of ␣-syn with membranes are mediated by its N terminus (residues 1-60), which encompasses the PD-linked mutations, and also by the nonamyloid component region comprising residues 61-95 (19, 20) . Notably, whereas the A30P and G51D mutants exhibit defective interaction with membranes (21) (22) (23) (24) (25) , the E46K mutation increases the binding affinity of ␣-syn to phospholipids (21, 26) , probably due to the formation of an additional hydrogen bond between the extra lysine in the protein and micelles (27) . Another important feature of the PD-linked mutations is their differential propensity to aggregate in vitro. Although the A53T, E46K, and H50Q mutants enhance ␣-syn fibrillization (28 -34) , the A30P mutant exhibits only enhanced oligomerization rate compared with WT ␣-syn (31, 35, 36) , and the G51D and A53E mutations attenuate ␣-syn fibrillization and favor the formation of amorphous aggregates (25, 37) .
In addition to genetic mutations, post-translational modifications, notably phosphorylation, have been reported to dramatically affect ␣-syn aggregation and toxicity (1) . Indeed, ␣-syn phosphorylation at Ser-129 (Ser(P)-129) has emerged as a pathological hallmark of PD and other synucleinopathies, although the precise effect of this modification on LB formation and ␣-syn toxicity is not yet completely understood. Interestingly, ␣-syn isolated from detergent-insoluble fractions of PD brains bearing the A53T mutation was shown to be phosphorylated at Ser-129 (38) . Moreover, Ser(P)-129 ␣-syn-positive inclusions were detected in brains of symptomatic transgenic mice expressing E46K ␣-syn (39) , suggesting that ␣-syn PD-linked mutations and post-translational modifications could play a synergistic role on ␣-syn toxicity in vivo. However, whether the PD-linked mutations affect ␣-syn phosphorylation at Ser(P)-129 remains unclear. A previous study showed that A30P and A53T do not influence the effect of phosphorylation on the formation of inclusions (40) , whereas a follow-up study by Ishii et al. (41) reported that in vitro phosphorylation of ␣-syn by casein kinase 2 (CK2) is slower for A30P and A53T compared with WT ␣-syn. However, it is noteworthy that CK2 is not an efficient kinase for phosphorylating ␣-syn in vitro (42) and that the effect of the E46K mutant was not investigated in both studies.
To further explore the interplay between ␣-syn PD-linked mutations and pathological post-translational modifications, we investigated the effects of the A30P, E46K, and A53T mutations on ␣-syn phosphorylation at Ser-87 and Ser-129 by endogenous kinases in mammalian cell lines and in yeast. Interestingly, whereas Ser(P)-129 levels were reduced in the A30P case, both A53T and E46K mutants consistently exhibited increased Ser(P)-129 phosphorylation levels compared with WT ␣-syn, with the E46K mutant having the most prominent effect. Importantly, lentivirus-mediated overexpression of E46K ␣-syn in the hippocampus of mice showed similarly enhanced Ser(P)-129 phosphorylation. Intrigued by this observation, we set to determine whether this effect is due to 1) the E46K mutant being a better kinase substrate in vitro and in cells, 2) alterations in endogenous kinase levels, 3) impairment in Ser(P)-129 or total ␣-syn degradation, or 4) differences in ␣-syn subcellular localization. Our results show that the enhanced phosphorylation of the E46K mutant could be linked with the aberrant subcellular localization of this mutant. This suggests that the different PD-linked mutations may contribute to the pathogenesis of PD via different mechanisms, and that improper localization of ␣-syn could alter its phosphorylation state at Ser-129. 15 N-Labeled ␣-syn-The pCDNA6 Human ␣-syn WT was kindly provided by Prof. Peter T. Lansbury, Jr. (Dept. of Neurology, Harvard Medical School, Cambridge, MA). pCDNA6 human A30P, E46K, and A53T ␣-syn were obtained by site-directed mutagenesis using the human pCDNA6 ␣-syn WT plasmid as a template. pAAV human ␣-syn S129A was obtained by sitedirected mutagenesis using the human pAAV CMV ␣-syn WT (43) as template. The GFP-CL1 construct was kindly provided by Professor Darren Moore (Ecole Polytechnique Federale de Lausanne, Switzerland). All constructs were confirmed by DNA sequencing (Microsynth, Switzerland). Expression and purification of non-labeled as well as 15 N-labeled WT and mutant (A30P, E46K, and A53T) ␣-syn was performed as described previously (42, 44) .
EXPERIMENTAL PROCEDURES

Plasmids and Expression and Purification of
Yeast Strains and Plasmids-WT, A30P, E46K, and A53T ␣-syn cloned into p426GPD (45) were subcloned into the SpeI-HindIII sites of the p426GAL yeast expression vector (46) . The GRK2 and GRK5 cDNAs were excised from the mammalian expression vector pRK5 (47) and cloned into the EcoRI and SalI sites of p423GPD. The CK2␣ cDNA was excised from the yeast expression vector p426TEF (48) and cloned into the SpeI and EcoRI sites of p423GPD. The PLK1 Myc-FLAG cDNA was excised from the mammalian expression vector pCMV6 (43) and cloned into the ClaI and EcoRI sites of p423GAL, whereas PLK2 Myc-FLAG, PLK3 Myc-FLAG, and PLK4 Myc-FLAG were excised from pCMV6 (43) and cloned into the ClaI and BamHI sites of p423GAL. The vector control strain contained the corresponding empty vector (p426GAL and p423GAL). The yeast strain used was BY4147 (MATa; his3⌬1; leu2⌬0; met15⌬0; ura3⌬0). Yeast transformations were carried out using a standard lithium acetate protocol. Yeast strains were grown in synthetic complete (SC) medium (6.7 g/liter Yeast Nitrogen Base (BD Biosciences), appropriate amino acid dropout mix (Sunrise Science Products) without the appropriate plasmid selection auxotrophy (uracil or uracil and histidine), and with 1% (w/v) raffinose or 1% (w/v) galactose as carbon source). Yeast strains carrying the galactose-inducible ␣-syn constructs were pre-grown in raffinose medium (no repression of the galactose-inducible promoter) prior to galactose medium to allow rapid, synchronous induction of expression.
Construction of Lentiviral Vectors-The full-length human ␣-syn WT and the point mutant E46K cDNA was PCR-amplified and cloned into the third generation self-inactivating lentivirus vector with the CMV promoter driving expression producing the vector LV-␣-syn WT and ␣-syn E46K. The lentiviral vector expressing the human WT ␣-syn has been previously described (49) . Lentiviruses expressing WT and mutant ␣-syn as well as empty vector (LV-control) were prepared by transient transfection in HEK293T cells as described previously (49) . Viral titers were determined by p24 ELISA.
Antibodies-The sheep monoclonal anti-␣-syn (catalog no. AB5336P) and mouse monoclonal anti-␣-syn SC211 (catalog no. SC-12767, 1:1000) were obtained from Millipore and Santa Cruz Biotechnology, respectively. Monoclonal anti-phosphorylated (Ser(P)-129) ␣-syn (catalog no. 014-20281, 1:5000) was obtained from Wako. Mouse monoclonal anti-␤-actin (catalog no. Ab6276-100, 1:20000) was from Abcam. The Proteo-Extract antibody kit (catalog no. 71771-3), containing a mouse monoclonal anti-calnexin antibody, a mouse monoclonal anti-HSP90 antibody, a mouse monoclonal anti-PARP1a antibody, and a mouse monoclonal anti-vimentin antibody, was obtained from Calbiochem. Anti-phospho-Ser-87 (Ser(P)-87) ␣-Syn antibody was generated in our laboratory (50) . The goat polyclonal anti-Ck2␣ (SC-6479,1:5000) the rabbit polyclonal anti-GRK2 (SC-562, 1:5000), and the rabbit polyclonal anti-GRK5 (SC-565, 1:5000) were obtained from Santa Cruz Biotechnology. The mouse anti-Myc (catalog no. 2276, 1:1000) was obtained from Cell Signaling Technology. The mouse anti-GAPDH (AM4300, 1:5000) was from Ambion.
In Vitro Phosphorylation of 15 N-Labeled ␣-syn-WT or mutant ␣-syn was phosphorylated by CK1 (1,000,000 units/ml, New England Biolabs) or PLK2 (0.48 mg/ml, Invitrogen). For CK1 real time phosphorylation, the 15 N-labeled ␣-syn was employed at a concentration of 225 M in a solution containing 1.09 mM ATP and 1ϫ CK1 Reaction Buffer (supplied with the CK1 enzyme), pH 7.4. For PLK2 real time phosphorylation, the 15 N-labeled ␣-syn was employed at a concentration of 100 M in a solution containing 1.09 mM ATP (freshly prepared), 20 mM HEPES, 10 mM MgCl 2 , and 2 mM DTT, pH 7.4. The amount of PLK2 used was 0.75 g for 144 g of ␣-syn.
Kinetics of Phosphorylation Assessed by NMR Spectroscopy-NMR data were acquired on Bruker Avance 600 and 700 MHz NMR spectrometers. Tentative assignments for the spectra of mutant and phosphorylated proteins were obtained by transferring each previously assigned cross-peak (13) in the twodimensional 1 H-15 N heteronuclear single quantum coherence (HSQC) spectrum of the WT protein to the nearest unassigned cross-peak in each new spectrum. In the case of CK1 phosphorylation, the kinase was incubated at 37°C for 5 min before mixing it with the protein (225 M) in CK1 Reaction Buffer (New England Biolabs), pH 7.4. Afterward, the real time NMR assay was started by collecting a set of HSQC spectra along the time course of phosphorylation at 15°C. For phosphorylation by PLK2, PLK2 (0.75 g) and the protein (100 M) were incubated in a Shigemi tube in the NMR spectrometer at 32°C for 5 min. To obtain efficient phosphorylation and at the same time improve the spectral quality, NMR spectra were recorded at 15°C during the real time assay, and between the NMR experiments the temperature was set to 30°C. The experimental time of each 1 H-15 N HSQC was 56 min. NMR data were processed using Bruker Topspin 1.3 (Bruker Biospin 2005) and NMRPipe (51) . The degree of phosphorylation was determined by calculating the intensity of the cross-peak of Ser(P)-129 divided by the sum of the intensities of the phosphorylated and unphosphorylated Ser-129 signal. Error bars were estimated on the basis of the signal-to-noise-ratio in the NMR spectra.
Cell Culture and Transfection-HEK293T and HeLa cells were grown at 37°C with 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM, GIBCO) supplemented with 10% fetal bovine serum (FBS, GIBCO) and 1% penicillin/streptomycin. For the endogenous phosphorylation studies, 60 -80% confluent HEK293T cells in 6-well plates were transiently transfected with 4 g of pCDNA6.1 to express human ␣-syn WT and each of the PD-linked mutants, employing the standard calcium phosphate (CaPO 4 ) transfection method. For immunocytochemistry, HeLa cells were seeded on coverslips (12 mm, Milian) that had been precoated with poly-L-lysine (Sigma), for 30 min at room temperature. The cells were transfected with 0.8 g of each plasmid using Lipofectamine TM 2000 (Invitrogen) according to the manufacturer's instructions. For proteasome activity, cells were co-transfected with 0.5 g of GFP-CL1 and 3 g of either of the WT or PD mutants for 72 h. In both cases, the cells were maintained at 37°C and analyzed 48 h after transfection (unless indicated otherwise).
Cell Lysis and Protein Extraction-Cells were harvested and lysed with 100 -150 l of lysis buffer/well (20 mM Trizma base, 150 mM NaCl, 1 mM EDTA, 0.25% Nonidet P-40, 0.25% Triton-X, pH 7.4) supplemented with 1 mM PMSF (Sigma) and 1:200 protease inhibitor mixture (Sigma). The lysates were vortexed and then kept on ice for 30 min with occasional vortexing. The lysates were then centrifuged at 20,817 ϫ g for 15 min at 4°C. The total amount of protein in the supernatant was estimated with the BCA TM protein assay kit from Thermo Scientific, according to the manufacturer's instructions.
Subcellular Fractionation-The fractionation of HEK293T cells transfected as described above was carried out employing the subcellular proteome extraction kit (Calbiochem catalog no. 539790) according to the manufacturer's instructions. Buffers were also enriched with phosphatase inhibitors (2 mM NaVO 3 ; 5 mM NaF and okadaic acid) to block rapid dephosphorylation. The fractions were immediately analyzed by Western blotting, and their purity was further evaluated by control antibodies (as specified above) against subcellular markers of cell compartments, such as cytosol, membrane/ particulate, and nucleus (anti-Hsp90, anti-calnexin, and anti-PARP-1, respectively).
Isolation of ER Microsomes-HEK293T cells were cultured and transfected as described above. ER-microsome extraction was performed using the endoplasmic reticulum enrichment kit (IMGENEX, catalog no. 10088K). Briefly, 36 ϫ 10 6 cells were washed twice with ice-cold 1ϫ PBS and resuspended with 1 ml of 1ϫ isosmotic homogenization buffer enriched with protease inhibitors. The cells were transferred into a glass Dounce homogenizer (Fisher brand) and homogenized with 12 strokes. The soluble fraction of the homogenate was obtained by centrifugation at 1000 ϫ g for 10 min at 4°C, and the pellet containing nuclei and cell debris was discarded. The resulting supernatant was further centrifuged at 12,000 ϫ g for 15 min at 4°C, and the soluble fraction (free of mitochondria and cell debris) was carefully transferred to a clean microcentrifuge tube for ER isolation. The ER-microsome fraction was obtained by centrifugation of 600 l of the supernatant at 90,000 ϫ g for 1 h at 4°C and was analyzed as described below.
Gel Electrophoresis (SDS-PAGE) and Immunoblotting-Lysates adjusted to equal amounts of total protein were diluted in loading buffer and separated on 15% SDS 1.5-mm gels. The proteins were then transferred to a nitrocellulose membrane using the TRANS-BLOT SEMI-DRY transfer cell (Bio-Rad) for 45 min at room temperature. The nitrocellulose membrane was blocked with Odyssey blocking buffer (Li-COR Biosciences GmbH) diluted 1:3 in PBS (Sigma) for 1 h at room temperature.
The membrane was probed with the primary antibody and incubated at 4°C overnight. After four washes in PBST (PBS 0.01% (v/v) Tween 20 (Fluka)), the membrane was incubated with the secondary antibody (i.e. goat anti-mouse Alexa Fluor 680) with protection from light at room temperature for 1 h. The immunoblot was finally washed four times with PBST and three times with PBS and scanned using a Li-COR scanner at a wavelength of 700 nm. The band intensity of Ser(P)-129 ␣-syn obtained on the membrane after Western blot was estimated using ImageJ software and normalized against the signal of total ␣-syn of the same sample on the same blot. The experiments were repeated six times with the same pattern of results. Statistical analysis was performed using the one-way ANOVA, Scheffe test.
Yeast cells were lysed in Tris-HCl buffer, pH 7.4, with glass beads, in the presence of protease and phosphatase inhibitor mixture (Roche Applied Science). Immunoblotting was performed following standard procedures. Proteins were transferred to a nitrocellulose membrane using a Trans-Blot Turbo transfer system (Bio-Rad). One membrane was probed with anti-␣-syn, and the other with anti-Ser(P)-129, at 4°C overnight, to avoid stripping procedures. The membranes were cut at different sizes and hybridized with the different antibodies for ␣-syn or Ser(P)-129-␣-syn, GAPDH (used as loading control), or kinases (Ck2a, GRK2/5, PLK1/2/3/4-Myc). The band intensity of Ser(P)-129 and total ␣-syn obtained were estimated using ImageJ software and normalized against the corresponding GAPDH signal. Finally, Ser(P)-129 ␣-syn levels were determined by determining the ratio between both values: (Ser(P)-129/GAPDH)/(␣-syn/GAPDH) and normalized to the control (mean Ϯ S.D.). The experiments were repeated at least five times with the same pattern of result. Statistical analysis was performed using the Mann-Whitney test or the Kruskal-Wallis one-way ANOVA test (indicated in the figure legends).
Immunocytochemistry of Mammalian Cell Lines-Immunocytochemistry was performed on HELA cells 48 h post-transfection (described above). Briefly, the cells were washed twice in PBS, incubated with 200 l of 4% paraformaldehyde for 10 min at room temperature, and then permeabilized with 0.1% Triton X-100 in PBS for 10 min at room temperature. After three washes with washing buffer (0.1% BSA, 0.1% saponin in 1ϫ PBS), nonspecific binding was blocked with 300 l of 1% BSA in 1ϫ PBS for 30 min. The primary antibody, sheep anti-␣-syn 1:500 (AB5336P, Millipore), was mixed with mouse anti-Ser(P)-129 ␣-syn 1:800 (Wako) and incubated for 1 h at room temperature. The coverslips were washed three times with washing buffer and incubated with donkey anti-mouse Alexa Fluor 568 (1:1000) and donkey anti-sheep Alexa Fluor 488 (1:500) secondary antibodies for 1 h at room temperature. After three washes, the cells were stained with 4,6-diamidino-2-phenylindole (DAPI) (200 l/well) for 5 min at room temperature. The coverslips were mounted on glass slides with 1,4-diazabicyclo2.2.2octane mounting medium and imaged with a Leica SP2 inverted confocal microscope in sequential mode.
Intracerebral Injections of Lentiviral Vectors-Six-month-old male wild-type C57/Bl6 mice were injected with 3 l of the lentiviral preparations (2.5 ϫ 10 7 transducing units) into the hippocampus (using a 5-l Hamilton syringe) as described pre-viously (49) . Briefly, mice were anesthetized, placed on a Koft stereotaxic apparatus, and injected in the hippocampus using the following coordinates (hippocampus, anteroposterior Ϫ2.0 mm, lateral 1.5 mm, depth 1.3 mm, and cortex, anteroposterior and cortex 0.5 mm, lateral 1.5 mm, depth 1.0 mm), determined as per the Franklin and Paxinos Atlas. The lentiviral vectors were delivered using a Hamilton syringe connected to a hydraulic system to inject the solution at a rate of 1 l every 2 min. To allow diffusion of the solution into the brain tissue, the needle was left for an additional 5 min after the completion of the injection. Mice received unilateral injections (right side) to allow comparisons against the contralateral side, with LV-control (n ϭ 8), LV-WT ␣-syn (n ϭ 8), and LV-E46K ␣-syn (n ϭ 8). Mice were 6 months old at the time of the injection and survived for 1 month after the lentivirus injection. Following guidelines from the National Institutes of Health for the humane treatment of animals, mice were anesthetized with chloral hydrate and flush-perfused transcardially with 0.9% saline. Brains were post-fixed in phosphate-buffered 4% paraformaldehyde, pH 7.4, at 4°C for 48 h for neuropathological analysis.
Immunohistochemical Analyses of Brain Sections-Analysis of ␣-syn accumulation was performed in serially sectioned, free-floating, blind-coded vibratome sections from mice injected with LV-control, LV-WT ␣-syn, and LV-E46K ␣-syn. Sections were incubated overnight at 4°C with an anti-␣-syn antibody and the Ser(P)-129 ␣-syn antibody (Wako) and detected by reaction with diaminobenzidine to reveal ␣-synuclein immunoreactive cells. To verify that ␣-syn co-localized to neurons, double labeling studies were performed as described previously (49) . Blind-coded, 40-m thick vibratome sections from mouse brains fixed in 4% paraformaldehyde were immunolabeled with the mouse monoclonal antibody against microtubule-associated protein-2, (MAP2, dendritic marker, Millipore). After overnight incubation with the primary antibodies, sections were incubated with FITC to detect MAP2 and Tyramide Signal Amplification TM -Direct (Red) system (PerkinElmer Life Sciences) for ␣-syn, transferred to Super-Frost slides (Fisher Scientific), and mounted under glass coverslips with anti-fading media (Vector Laboratories). All sections were processed simultaneously under the same conditions, and experiments were performed twice. Sections were imaged with a Zeiss ϫ63 (N.A. 1.4) objective on an Axiovert 35 microscope (Zeiss) with an attached MRC1024 LSCM system (Bio-Rad) (49) . For each mouse, a total of three sections were analyzed, and for each section, four fields in the frontal cortex and hippocampus were examined.
Biochemical Analysis of Brain Homogenates-Frozen brain tissue was placed in cold PDGF buffer (1 mM HEPES, 5 mM benzamidine, 2 mM 2-mercaptoethanol, 3 mM EDTA, 0.5 mM magnesium sulfate, 0.05% sodium azide, pH 8.8) comprising phosphatase and protease inhibitors and then homogenized for 1 min on ice. After clearing lysates by centrifugation at 5000 ϫ g for 5 min at 4°C, supernatants were centrifuged at 100,000 ϫ g for 1 h at 4°C. Protein concentrations of resulting supernatants were determined using the BCA TM protein assay kit from Thermo Scientific, and equal protein amounts were heated for 10 min at 70°C and then separated by gel electrophoresis on The E46K Mutation Enhances ␣-syn Phosphorylation 4 -12% BisTris SDS-polyacrylamide gels (Invitrogen). After transferring proteins to nitrocellulose membranes using wet transfer system (Bio-Rad), immunoblots were blocked for 1 h with 10% bovine serum albumin (BSA) in PBS and then incubated overnight at 4°C with primary antibodies. Membranes were then processed using a chemiluminescence kit (Western Lightning Chemiluminescence Reagent Plus; PerkinElmer Life Sciences) and imaged using a VersaDoc system (Bio-Rad).
RESULTS
The E46K Mutant Exhibits Enhanced Ser-129 Phosphorylation in Mammalian Cell Lines and in Yeast-Previous studies have shown that ␣-syn is constitutively phosphorylated predominantly at Ser-129, and, to a lesser extent at Ser-87 in mammalian cells (52) and in vivo (50, 53, 54) . To investigate the effect of the PD-linked mutations on ␣-syn phosphorylation at these two residues, we overexpressed WT ␣-syn or the PD mutants (A30P, E46K, or A53T) in HEK293T, HeLa, and M17 cells, and assessed ␣-syn phosphorylation by endogenous kinases 48 post-transfection. Interestingly, using an antibody against Ser(P)-129, we observed that the PD mutants showed a different pattern of Ser(P)-129 phosphorylation compared with WT ␣-syn. In contrast to a reduction in Ser(P)-129 levels of the A30P mutant, the A53T and E46K mutants exhibited significant enhancement of Ser(P)-129 levels in all three tested cell lines, without affecting total levels of ␣-syn ( Fig.  1A , C, and E). Notably, the extent of phosphorylation for the E46K mutant was consistently much higher and statistically significant compared to A53T by densitometric analysis (two-way ANOVA, p Ͻ 0.05) ( Fig. 1, B , D, and F). In contrast, none of the mutations affected ␣-syn phosphorylation levels at Ser-87 ( Fig. 1, G and H) .
To assess whether the E46K mutant shows enhanced Ser-129 phosphorylation in another cellular model of PD, WT ␣-syn and the PD-linked mutants (A30P, E46K, and A53T) were expressed in yeast cells under the regulation of an inducible promoter (GAL1), and then Ser-129 levels were evaluated by Western blotting. In line with our mammalian cell culture results, the E46K mutant displayed significantly higher Ser(P)-129 levels compared with WT ␣-syn or the other PD mutants after induction, without affecting the total levels of ␣-syn ( Fig.  1, I and J) . However, the A30P and A53T mutants exhibited similar Ser(P)-129 levels compared with WT ␣-syn. These findings show that the PD-linked mutations have different effects on Ser-129 ␣-syn phosphorylation in mammalian cell lines and in yeast.
Kinetics of ␣-Syn Phosphorylation by PLK2 and CK1-To investigate the molecular mechanisms underlying the increase in Ser(P)-129 levels of the E46K mutant, we first sought to determine whether this increase is due to this mutant being a better substrate for one of ␣-syn's natural kinases. To do this, we employed heteronuclear NMR spectroscopy on 15 N-labeled recombinant ␣-syn (WT, A30P, E46K, or A53T) after incubating with PLK2, the most efficient kinase known to phosphorylate ␣-syn specifically at the Ser-129 residue (43, 55, 56) . This method allows the identification of phosphorylation sites, measures the level of integration, and yields kinetic data for the enzymatic modification of individual sites (57) . To obtain single-residue resolution and identify all potential phosphorylation sites, the enzymatic reaction was followed by two-dimensional 1 H-15 N heteronuclear correlation spectra. For all proteins, the resonances were sharp and showed limited dispersion of chemical shifts, reflecting a high degree of backbone mobility ( Fig. 2A) . Phosphorylated serine and threonine residues were readily detected and reflected by phosphorylation shifts of their amide proton resonance downfield of ϳ8.8 ppm, to an empty region of the 1 H-15 N HSQC spectrum ( Fig. 2A) . With increasing incubation time, the intensity of the NMR signal of Ser(P)-129 increased with a concomitant decrease of unphosphorylated Ser-129. In agreement with our previous data from cell culture assays (43) , only Ser-129 was phosphorylated, highlighting the specificity of PLK2 for Ser-129 phosphorylation. Quantitative analysis of the phosphorylation kinetics of all four proteins was implemented based on the measurement of resonance intensity. After 1 day, 40 -50% of the WT protein and of the three ␣-syn mutants was phosphorylated at Ser-129, and the reaction reached saturation in the following 10 h (Fig. 2B) . Interestingly, comparing the kinetics of phosphorylation revealed that WT ␣-syn was phosphorylated faster than all three genetic variants under controlled in vitro conditions and using the same kinase and protein concentrations (Fig. 2B) . Although the saturation levels are only slightly different, the degree of Ser-129 phosphorylation of WT ␣-syn after 4 h of incubation was larger by a factor of 1.5 when compared with the genetic mutants, hence ruling out the possibility of any of the PD mutants being better substrates for PLK2 in vitro.
To assess the kinetics of ␣-syn phosphorylation at Ser-87, we employed recombinant CK1 enzyme known to phosphorylate ␣-syn both at Ser-87 and Ser-129 (42) , because enzymes phosphorylating specifically at Ser-87 remain unidentified. The NMR signals appearing in the downfield region of the HSQC spectrum were assigned to phosphorylated Ser-87 and phosphorylated Ser-129, confirming that CK1 is capable of phosphorylating both the WT protein and the three genetic variants at these two sites (Fig. 2C) . Interestingly, and in line with our findings with PLK2, although the rate of phosphorylation of all three mutants and WT ␣-syn was nearly identical at Ser-87 ( Fig.  2D) , WT ␣-syn showed again a slightly higher rate of phosphorylation at Ser-129 ( Fig. 2E ). It is worth noting that the similar phosphorylation kinetics of all four proteins at Ser-87 served as a ruler and established that the conditions of the phosphorylation reaction were identical.
The E46K Mutant Is Not a Better Substrate for ␣-syn's Kinases in Yeast and Mammalian Cell Lines and Does Not Affect Endogenous Kinase Levels-To establish whether the increase in E46K-associated Ser(P)-129 levels is due to the mutant being a better substrate for serine kinases in living cells, we evaluated whether a selected group of kinases that are known to phosphorylate ␣-syn at Ser(P)-129 is able to specifically increase Ser(P)-129 levels of the E46K mutant in cell-based assays. As such, WT or E46K ␣-syn were first co-expressed with GRK2, GRK5, CK2, and PLK1/2/3/4 in a yeast model of PD, and the levels of Ser(P)-129 were determined by immunoblotting 5 h after the induction of ␣-syn overexpression. Fig. 3 , A-C, shows that co-expression of WT or E46K ␣-syn with GRK5, PLK2, or PLK3 resulted in a significant increase of Ser(P)-129 levels that was similar for both ␣-syn variants tested (Fig. 3, A-C) . Importantly, the same result was obtained upon co-expression of ␣-syn (WT or PD mutant) with PLK2 (Fig. 4, A and B) in mammalian HEK293T cells, hence ruling out the possibility of the E46K mutant being a better substrate for these tested kinases in yeast or mammalian cells. As shown in Fig. 4, A and B , the overex- Next, we investigated whether the increase in Ser(P)-129 levels of the E46K mutant is due to an increase in the levels of endogenous kinases in response to overexpression of the E46K mutant mammalian cells. As such, we evaluated the expression levels of seven ␣-syn kinases (CK1␣, GRK2, GRK3, GRK5, GRK6, PLK2, and PLK3) known to phosphorylate ␣-syn in cell lines (43, 58, 59) . Notably, we did not observe significant changes in expression level of any of these kinases after the overexpression of WT ␣-syn or any of the PD mutants, as revealed by Western blotting and densitometric quantification (Fig. 4, C and D) .
Enhanced Phosphorylation Observed with the E46K Mutant Is Not Linked with Differential Alteration of ␣-syn Proteasomal Degradation-Given that phosphorylated ␣-syn at Ser-129 has been shown to be preferentially cleared via the proteasomal pathway (60, 61), we sought to determine whether the increase in E46K Ser(P)-129 levels is due to this mutant being less efficiently degraded by the proteasome compared to WT ␣-syn. Therefore, we assessed the effect of inhibiting proteasomal degradation using the potent inhibitor MG132 on E46K Ser(P)-129 levels. As a positive control, we monitored the level of HSP70, which is known to accumulate when proteasomal activity is impaired (62, 63) . Fig. 5A shows that treatment with MG132 resulted in the accumulation of HSP70. Moreover, and as reported previously (60, 61), MG132 treatment significantly enhanced Ser(P)-129 levels of WT ␣-syn and all three PD mutants without affecting their total levels (Fig. 5, A and B) . Nevertheless, E46K ␣-syn consistently showed increased Ser-129 phosphorylation, suggesting that the increased levels are not due to the mutant being less readily degraded by the proteasome and that an additional factor induced by the E46K mutant contributes to the observed accumulation of Ser(P)-129.
To determine whether the E46K mutant inhibits the proteasome activity per se more than the other mutants, we co-overexpressed ␣-syn (WT or PD mutants) with GFP-CL1, a reporter protein that is known to be exclusively degraded by the proteasomal pathway and hence serves as a marker for proteasomal impairment (64, 65) . Interestingly, although all three mutants showed significant accumulation of GFP-CL1 compared with WT ␣-syn, both the A53T and E46K mutants consistently exhibited higher levels of GFP-CL1 (Fig. 5, C and D) . This suggests that all three PD mutants inhibit the proteosomal degradation pathway, albeit to different levels, and that the enhanced Ser(P)-129 levels observed with the E46K mutant are not directly linked with differential inhibition of proteasomal activity.
The E46K Mutant Shows Enhanced Nuclear and ER Accumulation in HEK293T and HeLa Cell Lines-To determine whether the increase in E46K ␣-syn phosphorylation is due to changes in the subcellular localization of this mutant, we first assessed the subcellular distribution of WT ␣-syn and the PDlinked mutants by biochemical fractionation. HEK293T cells expressing WT ␣-syn or PD mutants were lysed, and the cell homogenates were separated into three purified fractions (cytosolic, membrane, and nuclear) and analyzed by Western blotting. Probing for housekeeping proteins, HSP90, calnexin, and PARP1a (which are cytosolic, membrane, and nuclear specific proteins, respectively) allowed determination of fraction purity. Strikingly, although WT and mutant forms of ␣-syn showed similar abundance in cytosolic fractions (Fig. 6, A and  D) , the E46K mutant consistently showed prominent accumulation in nuclear fractions (Fig. 6, B and E) and slight enrichment in membrane fractions (Fig. 6, C and F) , compared with WT ␣-syn and the other PD mutants. In contrast, and in line with previous reports, the A30P mutant exhibited a slight decrease in membrane localization (24) . Notably, although Ser(P)-129 immunoreactivity was detected in purified cytosolic and membrane fractions (with the E46K mutant consistently exhibiting the highest levels) (Fig. 6, A and C) , it was always below detection limits in nuclear fractions (Fig. 6B) . Dot blot analysis, however, revealed an increase of Ser(P)-129 immunoreactivity in nuclear fractions of cells expressing WT and PD mutants compared with nontransfected cells (Fig. 6G) , suggesting that phosphorylated ␣-syn in the nucleus could be modified (i.e. C-or N-terminally truncated as suggested previously (66, 67) ) and hence difficult to detect by conventional denaturing gel electrophoresis. The specificity of Ser(P)-129 detection was validated by the transfection of HEK cells with S129A ␣-syn, a mutant obtained by substitution of serine (-OH) with alanine (-CH3) at position 129, hence blocking phosphorylation (Fig.  6G ). The fact that the signal obtained with the cells overexpressing this mutant did not differ from that of nontransfected cells confirms that anti-Ser(P)-129 ␣-syn antibody shows superior reactivity with genuinely phosphorylated Ser(P)-129 ␣-syn.
To confirm the subcellular localization of the E46K mutant, immunocytochemistry was performed on HeLa cells expressing either WT or E46K ␣-syn using an antibody raised against the C-terminal domain of ␣-syn (118 -131; SA-3400). Importantly, E46K ␣-syn-expressing cells consistently showed more nuclear ␣-syn staining compared with cells expressing the WT protein (Fig. 6H, upper panel) , thus confirming our biochemical fractionation data. Moreover, staining using the Ser(P)-129specific antibody (WAKO) showed that cells expressing WT ␣-syn exhibit mostly nuclear localization of Ser(P)-129. Significantly more E46K ␣-syn-expressing cells exhibit perinuclear accumulation of Ser(P)-129 (30%) (Fig. 6H, middle panel) . The specificity of Ser(P)-129 detection was again validated by the transfection of HeLa cells with the S129A mutant of ␣-syn, which showed weak background staining (Fig. 6H, lower panel) .
Recent studies have shown that Ser(P)-129 ␣-syn accumulates within the ER/microsomes of symptomatic ␣-syn trans-genic mouse brains and human post-mortem tissues, where it could form toxic oligomeric species at disease onset (68) . Therefore, we sought to determine whether the increased perinuclear accumulation of Ser(P)-129 E46K could be associated with the ER, by assessing the co-localization of DsRed-ER (a red fluorescent protein containing the calreticulin ER targeting signal and an ER retention sequence) with WT or PD ␣-syn mutants in HeLa cells. Interestingly, immunocytochemical analysis showed that the E46K mutant exhibits prominent perinuclear co-localization of Ser(P)-129 with Dsred-ER, suggesting that phosphorylated E46K could be accumulating in the ER (Fig. 6H) . Moreover, biochemical extraction of ER/microsomes from cells expressing ␣-syn WT and PD mutants showed increased accumulation of the E46K mutant in ER fractions (Fig. 6I) , although similar levels of all proteins were detected in the crude and cytosolic fractions. In line with our findings and previous studies showing very low levels of Ser(P)-129 in organelles (i.e. nuclei, microsomes) (68 -70), we failed to detect Ser(P)-129 in microsomal fractions by Western blotting (Fig.  6I ). However, analyzing fractionated lysates by dot blots revealed increased Ser(P)-129 levels of all three mutants and WT ␣-syn compared with nontransfected cells (Fig. 6J) , hence suggesting that its levels are too low, or that additional modifi- . E46K mutant is not a preferential substrate for PLK2 and does not affect endogenous levels of ␣-syn kinases in HEK293T cells. A, Western blot shows that the extent of ␣-syn phosphorylation upon co-overexpression with PLK2 is similar for WT ␣-syn and the PD mutants 24 h post-transfection. B, densitometric analysis of Ser(P)-129 signals normalized against the total levels of ␣-syn. No significant differences were observed with any of the PD mutants compared with WT ␣-syn when co-expressed with PLK2 (one-way ANOVA test, n ϭ 3). C, expression levels of endogenous ␣-syn kinases was assessed in HEK293T cells transiently transfected with WT or mutant ␣-syn as shown by representative Western blots. D, densitometric analysis of Western blots shown reveals no significant differences in kinase protein levels upon overexpression of WT ␣-syn or any of the PD mutants (one-way ANOVA test, n ϭ 3). a.u., arbitrary unit.
cations (such as truncation) or interaction with other proteins or cellular compartments/organelles may be hindering its detection by Western blotting.
Enhanced Phosphorylation of the E46K Mutant in the Hippocampus of Lentivirally Injected Mouse Brains-Having demonstrated that the E46K mutation provokes enhanced phosphorylation at Ser-129 in mammalian cell lines and in yeast, we investigated whether similar enhanced E46K ␣-syn phosphorylation could be observed in vivo. We expressed ␣-syn WT or the E46K mutant in the hippocampus of adult mice using a lentiviral delivery system, and we assessed Ser(P)-129 levels by immunohistochemistry and biochemical analyses. As controls, a group of mice were injected with lentiviruses encoding an empty vector. One month post-injection, sections from mice overexpressing WT or E46K ␣-syn showed diffuse immunoreactivity to the antibody specific for ␣-syn (Millipore) throughout cell bodies and neurites (Fig. 7A, middle and lower panels) . This contrasts with the staining of control mice where endogenous ␣-syn showed a much weaker signal that was predominantly punctate reflecting its presynaptic localization in the brain (Fig. 7A, upper panel) . Importantly, Ser(P)-129 staining demonstrated positive reactivity within the cell soma that was more intense in E46K-expressing neurons compared to those expressing WT ␣-syn (Fig. 7A ). Neuronal expression of both proteins was confirmed by immunofluorescent co-staining with the neuronal specific marker MAP2 (Fig. 7, B and C) , which again revealed stronger Ser(P)-129 staining for E46K ␣-syn (Fig. 7C) , despite the fact that the immunoreactivity for total ␣-syn was similar for both proteins (Fig. 7B) . To assess quantitatively the extent of ␣-syn phosphorylation at Ser-129, brain extracts of mice injected with empty vector, WT ␣-syn, or the E46K mutant were resolved on SDS-polyacrylamide gels and probed with total and Ser(P)-129-specific antibodies. In line with our immunohistochemistry data, and our data from mammalian cells and yeast, Western blotting and densitometric analysis revealed Ͼ2-fold increase in Ser(P)-129 levels in animals injected with lentiviruses encoding E46K compared with WT ␣-syn ( Fig. 7, D-F) , although similar levels of total ␣-syn expression were detected (Fig. 7, D and E) . Altogether, these findings demonstrate that the E46K mutant exhibits enhanced phosphorylation at Ser-129 in vivo.
DISCUSSION
The E46K Mutant Exhibits an Increase in Ser(P)-129 ␣-syn
Levels-Despite the abundant accumulation of Ser(P)-129 in LBs, the molecular mechanism regulating this process remains poorly understood. In the attempt to unravel factors affecting Ser-129 phosphorylation and aggregation, we set out to investigate the effect of three PD-linked mutations (A30P, E46K, and A53T) on Ser-129 and Ser-87 phosphorylation side-by-side. Interestingly, the E46K mutant showed most pronounced Ser(P)-129 phosphorylation in several tested mammalian cell lines, without affecting phosphorylation at Ser-87. Importantly, this finding was confirmed in another cellular model using yeast overexpressing WT ␣-syn and PD-linked mutations, as well as in mouse brains in vivo. Our results are consistent with previous studies reporting that not only WT but also A30P and A53T mutants are constitutively phosphorylated at the FIGURE 5. Effect of the E46K mutant on the activity of proteasome-mediated degradation in HEK293T cells. A, MG132 does not reverse the enhanced phosphorylation of the E46K mutant observed in nontreated cells, but it significantly enhances the level of Ser(P)-129 compared to basal levels in the absence of inhibitor. Accumulation of the proteasomally degraded HSP70 protein was used to control for MG132 inhibition. B, quantification of Ser(P)-129 levels in the presence of MG132. The E46K mutant shows highest Ser(P)-129 levels compared to WT ␣-syn and other mutants with/without MG132 treatment. C, effect of PD mutants on proteasomal activity. ␣-syn and PD mutants were co-transfected with a proteasomally degraded protein GFP Degron (GFP-CL1) for 72 h. Representative Western blots indicating the accumulation of GFP-CL1 in response to the overexpression of WT ␣-syn and its PD-linked mutants. D, quantification of GFP-CL1 signal normalized against ␤-actin indicates significant impairment of proteasomal activity by A30P and much higher inhibition by E46K and A53T.
The E46K Mutation Enhances ␣-syn Phosphorylation
Ser-129 residue when transiently overexpressed in neuroblastoma SHSY5Y cells (40) . Moreover, our finding that both E46K and A53T mutants exhibit enhanced phosphorylation, albeit to different extents, is in line with a recent study by Emmer et al. (39) showing that ␣-syn from transgenic mice expressing either of these mutants is hyperphosphorylated at Ser-129 compared with ␣-syn from mice expressing the WT protein (39) . Given that the E46K mutation only affected phosphorylation at Ser-129 and not at Ser-87 in our assays, we hypothesized that the E46K mutation could alter the structural features of the C-terminal domain of ␣-syn in ways that make it more suscep-tible to phosphorylation by kinases. To test this hypothesis, we evaluated the effect of the E46K mutation on ␣-syn phosphorylation at Tyr-125, another C-terminal phosphorylation site that has been detected in familial cases of PD (71) . Strikingly, DsRed ER in HeLa cells shows co-localization of both proteins in cells co-overexpressing DsRed ER and E46K ␣-syn. Lower panel, double immunolabeling using antibodies specific to total ␣-syn (Biomol) and Ser(P)-129 (Wako) shows that the S129A mutant blocks ␣-syn phosphorylation at that specific residue. Nuclei were counterstained with DAPI. I, subcellular fractionation of HEK293T cells expressing WT and all PD mutants shows significant accumulation of E46K in ER/microsomal fractions. Probing with antibodies against ER proteins (GRP78 and calnexin) and cytosolic proteins (HSP90 and actin) was performed to establish fraction enrichment and purity. J, dot blot analysis of ER/microsomal fractions of cells expressing ␣-syn and PD mutants. Immunoreactivity against Ser(P)-129 antibody was obtained with cells expressing ␣-syn and PD mutants, and less with nontransfected cells. FIGURE 7. E46K ␣-syn mutant exhibits enhanced phosphorylation in the hippocampus of lentivirally injected mice. A, immunohistochemical analysis of hippocampal sections of mice injected with LV-control (top panel), LV-␣-syn WT and LV-␣-syn E46K (middle and bottom panels, respectively) verifies expression and phosphorylation of both proteins in neuronal soma and processes. B and C, ␣-syn and Ser(P)-129 immunoreactivities were neuronal specific as they co-localize with MAP2 staining in this brain region. D-F, Western blot and densitometric analysis of mice brain homogenates shows significant increased Ser-129 phosphorylation in mice expressing LV-␣-syn E46K compared with LV-control and LV-WT (n ϭ 3), although similar levels of total proteins were noted in the same fractions.
The E46K Mutation Enhances ␣-syn Phosphorylation the E46K mutation also significantly enhanced phosphorylation at Tyr-125 (data not shown), thereby suggesting that the E46K mutation could be altering the structure of the C terminus of ␣-syn or its interaction with the N-terminal region of the protein in ways that lead to enhanced phosphorylation at serine or tyrosine residues in this region.
The E46K Mutant Is Not a Better Substrate for Kinases in Vitro, in Cell Lines, and in Yeast and Does Not Modulate the Expression of Endogenous Kinases-Intrigued by the enhanced phosphorylation of the E46K mutant at Ser-129, we asked whether it could also be due to this mutant being a better substrate for a natural ␣-syn kinase. To address this question, we first evaluated the extent of in vitro phosphorylation of the ␣-syn PD mutants by the following two kinases that are known to phosphorylate ␣-syn efficiently at Ser-129 and Ser-87 using real time NMR: PLK2 (phosphorylating at Ser-129) and CK1 (phosphorylating at Ser-129 and Ser-87). Our results show that ␣-syn WT and the PD mutants exhibit similar phosphorylation levels at Ser-129 and Ser-87, with slightly faster kinetics for the WT protein at Ser-129. These findings are consistent with previous reports showing slower in vitro phosphorylation of A30P and A53T compared with WT ␣-syn by CK2 (41) . This suggests that the observed E46K-associated hyper-phosphorylation in cell lines and in yeast could be mediated by other kinases or catalyzed by intracellular co-factors. Accordingly, we tested whether a selected group of human kinases described to phosphorylate ␣-syn at Ser-129 (CK1, CK2, PLK1, PLK2, PLK3, GRK2, GRK3, GRK5, and GRK6) is able to specifically increase Ser(P)-129 levels of the E46K mutant in cellular assays. Importantly, none of these kinases showed preferential phosphorylation of any of the PD mutants in mammalian cells and in yeast. It is worth noting, however, that boosting the kinase levels by transient overexpression might lead to saturated conditions where subtle differences may not be easily discerned.
Next, we asked whether the increase in Ser(P)-129 levels of the E46K mutant is due to the mutant up-regulating the levels of one (or more) endogenous kinases in mammalian cells. Interestingly, none of the screened kinases showed any significant changes in expression levels, hence suggesting that the increase in E46K Ser(P)-129 levels is not mediated via direct up-regulation of any of these endogenous kinases.
Overexpression of the E46K Mutant Does Not Differentially Affect ␣-syn Proteasomal Degradation in HEK293T Cells-Using MG132 and lactacystin, two small molecular inhibitors of proteasome degradation, Machiya et al. (61) demonstrated that phosphorylated ␣-syn at Ser-129 is preferentially degraded via the proteasome in a ubiquitin-independent manner. Similar results were also reported when employing epoxomycin as a proteasome inhibitor (60) . Although several groups have investigated the effect of PD-linked mutations on proteosomal inhibition (65, (72) (73) (74) (75) , a side-by-side comparison of all three mutants was not performed in any of these studies. Therefore, we assessed the effect of inhibiting proteasomal activity on Ser(P)-129 accumulation of WT ␣-syn versus all three PDlinked mutants. Consistent with previous studies (61), our results showed that inhibition of the proteasome with MG132 significantly elevated the level of phosphorylated WT and PD mutant ␣-syn. Interestingly, although phosphorylated WT, A30P, and A53T ␣-syn accumulated to the same level, Ser(P)-129 levels of the E46K mutant remained much higher, suggesting that the increased Ser(P)-129 levels of E46K ␣-syn are not due to the mutant being less degraded by the proteasome as the proteasome inhibitor did not reverse this effect. Given that WT ␣-syn and PD mutants were shown to inhibit the proteasome and chaperon-mediated autophagy pathways (65, (72) (73) (74) 76) , we then tested whether the enhanced Ser(P)-129 accumulation observed with the E46K mutant is conversely due to pronounced proteasomal inhibition by this mutant. Interestingly, both the A53T and E46K mutants exhibited higher proteasomal inhibition compared with WT ␣-syn as shown previously (72) (73) (74) 77) . Given that the E46K mutant exhibited significantly higher Ser(P)-129 levels than A53T ␣-syn, this suggests that the prominent increase in E46K Ser(P)-129 levels is not simply due to proteasomal inhibition alone, which was similar for both mutants.
The E46K Mutant Shows Increased Nuclear Accumulation in Mammalian Cell Lines-Next, we investigated whether the increased E46K phosphorylation could be due to altered subcellular localization of the protein. Strikingly, the E46K mutant showed pronounced nuclear accumulation by biochemical fractionation and immunocytochemical analysis that was accompanied by perinuclear accumulation of Ser(P)-129. Notably, Ser(P)-129 immunoreactivity was always under the limit of detection in nuclear fractions analyzed by Western blotting. Despite several attempts to improve the fractionation and isolation protocols, nuclear Ser(P)-129 could only be detected biochemically by dot blot. These data suggest that either phosphorylation in the nucleus is highly unstable or exists only in trace amounts. It is noteworthy that Ser(P)-129 ␣-syn has only been reported in the nucleus by immunocytochemical approaches and not by biochemical fractionation and Western blotting (69, 78, 79) . One possible explanation of not being able to detect Ser(P)-129 ␣-syn in the nuclear fractions by these techniques could be due to truncations that might occur under stress conditions and lead to the accumulation of short fragments that can still be phosphorylated at Ser-129 (66) . In fact, it has been suggested that this could be the case, where H 2 O 2 treatment was shown to induce the translocation of a 10-kDa C-terminal ␣-syn fragment into the nuclei of dopaminergic cells, while the full-length protein remained sequestered in the cytoplasm (66, 67) . As such, the nuclear Ser(P)-129 ␣-syn signal may actually represent a truncated variant of the protein that can be easily detected by immunofluorescence and dot blot but is too small to be detected biochemically using standard SDS electrophoresis separating techniques.
Nevertheless, when assessing the extent of Ser(P)-129 in the nucleus by dot blot, we failed to detect any differences between the mutants and WT ␣-syn, despite the higher signal obtained compared with control nontransfected cells. This discrepancy could result from the extraction process and/or from low nonspecific signals that may be observed by dot blot. In fact, sequence alignment of the epitope spanning the Ser(P)-129 region revealed partial homology with a number of nuclear resident proteins (data not shown) that could also be also slightly contributing to the observed Ser(P)-129 signal by dot blot, thus masking subtle differences in Ser(P)-129 levels between the E46K mutant and the other ␣-syn variants.
E46K ␣-syn is Sequestered within the Endoplasmic Reticulum-Given that Ser(P)-129 ␣-syn has been shown to accumulate within the ER/microsomes of ␣-syn transgenic mouse brains and in human post-mortem tissues (68), we investigated whether the increased perinuclear accumulation of Ser(P)-129 E46K ␣-syn actually associates with the ER. Interestingly, immunocytochemical analysis revealed strong co-localization between Ser(P)-129 E46K ␣-syn and Dsred-ER (an ER marker), and biochemical analysis of ER fractions showed pronounced enrichment of the E46K mutant in ER/microsome fractions compared with WT ␣-syn, hence suggesting that phosphorylated E46K could be accumulating in the ER. Moreover, although Ser-129-phosphorylated ␣-syn was under our limit of detection by Western blotting in ER-enriched fractions, dot blot analysis showed strong immunoreactivity of Ser-129phosphorylated ␣-syn in ER samples obtained from cells expressing ␣-syn but not control nontransfected cells, suggesting that overexpressing ␣-syn significantly enhances Ser(P)-129 immunoreactivity in the ER and that other post-translational modifications (such as truncation) might be also occurring in the ER (as suggested with nuclear Ser(P)-129). Our observation that only total E46K is enriched in the cellular organelles such as nucleus and ER might suggest that Ser-129 phosphorylation could be regulating the subcellular localization of the protein, by attenuating its transport from these organelles. Conversely, it could also be that the E46K mutation per se leads to aberrant localization of ␣-syn, which in turn leads to enhanced Ser(P)-129 levels. Further studies are needed to unravel which of these possibilities is indeed taking place.
In summary, we showed that the E46K mutant exhibits enhanced Ser-129 phosphorylation in mammalian cell lines, yeast, as well as in mouse brains compared with WT ␣-syn and other mutants. The increased Ser(P)-129 E46K levels were not mediated by enhanced phosphorylation of E46K by a specific kinase in vitro, in yeast, or in mammalian cell lines nor due to the up-regulation of endogenous levels of expressed kinases. However, our data suggest that the increase in E46K phosphorylation could be linked with enriched nuclear and ER accumulation of E46K ␣-syn. These findings suggest that the different PD-linked mutations may contribute to the pathogenesis of PD via different mechanisms. Therefore, a side-by-side analysis of transgenic models overexpressing the WT ␣-syn and the E46K mutant may provide novel insights into the mechanisms underlying the preferential increase of E46K phosphorylation at Ser-129, as well as the interplay between PD mutations and pathogenic post-translational modifications.
